1. Introduction {#sec1-sports-07-00147}
===============

Even though each individual adopts a unique global natural running pattern, runners are typically classified in one of three discrete categories depending on their preferred foot strike pattern. Indeed, a runner is either categorized as a: (1) rearfoot striker when the initial contact of the foot with the ground is made on the heel or rear third part of the sole; (2) midfoot striker when the heel and toes contact the ground simultaneously; or (3) forefoot striker when the initial contact of the foot with the ground is made on the forefoot or front half of the sole \[[@B1-sports-07-00147]\]. These different foot strike patterns involve different neuromuscular activation patterns \[[@B2-sports-07-00147]\] and biomechanical strategies \[[@B3-sports-07-00147],[@B4-sports-07-00147]\]. Furthermore, the likelihood of certain types of running-related injuries has been reported to depend on foot strike pattern \[[@B5-sports-07-00147],[@B6-sports-07-00147],[@B7-sports-07-00147]\]; with hip and knee injuries more common in rearfoot strikers, and ankle and foot injuries more common in forefoot strikers. The change in the relative risk of running-related injuries can be associated with the redistribution of loads on the basis of foot strike pattern \[[@B8-sports-07-00147],[@B9-sports-07-00147],[@B10-sports-07-00147],[@B11-sports-07-00147]\].

The scientific evidence is inconclusive regarding the effect of foot strike pattern on running economy and performance. Most studies are observational in nature and report a higher proportion of non-rearfoot strikers in higher-performing runners \[[@B1-sports-07-00147],[@B5-sports-07-00147]\]. These observational findings, along with the introduction of Pose \[[@B12-sports-07-00147]\] and Chi \[[@B13-sports-07-00147]\] running, have led to several runners adopting non-habitual forefoot strike patterns. Acute changes in natural foot strike patterns, however, can increase the energetic cost of running \[[@B14-sports-07-00147]\]. In the short and long-term, interventions to change a rearfoot strike pattern to a midfoot or forefoot one does not lead to a significant improvement in running economy \[[@B15-sports-07-00147],[@B16-sports-07-00147]\]. Transitioning away from a rearfoot pattern, however, can decrease the energy required per unit of ground reaction force \[[@B15-sports-07-00147]\], shorten stride length \[[@B16-sports-07-00147]\], and increase stride frequency \[[@B16-sports-07-00147]\]. Decreasing stride length and transitioning to a non-rearfoot strike pattern may reduce certain risk factors for running-related injuries \[[@B17-sports-07-00147]\]. In certain cases, foot strike pattern modification can be a desirable intervention for the prevention of injuries or the rehabilitation of injured runners.

The prevalence of recreational runners that rearfoot strike during a long-distance road race is close to 90% \[[@B18-sports-07-00147],[@B19-sports-07-00147]\]. The prevalence of rearfoot strikers is lower (\~80%) in sub-elite runners \[[@B20-sports-07-00147]\], and lowest in elite runners \[[@B1-sports-07-00147],[@B21-sports-07-00147],[@B22-sports-07-00147]\]. One study reported that elite runners mostly midfoot and forefoot strike \[[@B21-sports-07-00147]\], although these observations stemmed from runners competing in 1500 m to marathon events. More recent studies on the topic report that the majority of elite runners rearfoot strike \[[@B1-sports-07-00147],[@B22-sports-07-00147]\]. Approximately 75% of elite runners were rearfoot strikers at the 2004 Sapporo International Half Marathon in Japan \[[@B1-sports-07-00147]\], and more than 54% of marathoners were rearfoot strikers at the 2017 IAAF World Championships \[[@B22-sports-07-00147]\]. Two factors can explain the smaller proportion of rearfoot strikers observed by Hasegawa et al. \[[@B1-sports-07-00147]\] and Hanley et al. \[[@B22-sports-07-00147]\] compared to the 90% reported by Kasmer et al. \[[@B18-sports-07-00147]\] and Larson et al. \[[@B19-sports-07-00147]\]. First, Hasegawa et al. \[[@B1-sports-07-00147]\] and Hanley et al. \[[@B22-sports-07-00147]\] examined elite rather than recreational runners. Several studies have linked foot strike pattern with performance in road races and report a higher prevalence of midfoot and forefoot strikers in faster runners \[[@B1-sports-07-00147],[@B18-sports-07-00147],[@B20-sports-07-00147]\]. One second explanation to the smaller proportion of rearfoot strikers relates to ethnicity. Hasegawa et al. \[[@B1-sports-07-00147]\] examined a mostly Asian population of runners (even though it is not ensured due to the international nature of the event), whereas Kasmer et al. \[[@B18-sports-07-00147]\] and Larson et al. \[[@B19-sports-07-00147]\] observed foot strike patterns in a mostly North American cohort. In fact, the natural running pattern of individuals has been reported to differ between different ethnic groups \[[@B23-sports-07-00147],[@B24-sports-07-00147]\].

The purpose of this study was to determine the prevalence of rearfoot, midfoot, and forefoot strikers during a long-distance road race in a predominantly Asian population of recreational runners. We hypothesized that the prevalence of rearfoot strikers in a predominantly Asian population of recreational runners would be lower than the prevalence of rearfoot strikers sourced from a predominantly North American based cohort of recreational runners.

2. Materials and Methods {#sec2-sports-07-00147}
========================

2.1. Subjects {#sec2dot1-sports-07-00147}
-------------

Nine hundred and fifty runners were videotaped at the 10 km mark (position 51 to 1000) of the 2015 Standard Chartered Singapore Marathon (Singapore, December 6) and classified according to their foot strike pattern. The nationality of the 51st to 1000th finisher was predominantly Asian (77%) according to the official race results. On this basis, we propose that the runners videotaped at the 10 km mark represented a mostly Asian cohort (77% Asian field) of recreational runners (finishing time range: 03:12:24 to 04:42:32, median: 04:15:49, average: 04:12:00 ± 00:22:22). The first 50 runners were not taken into account because they were considered elite and sub-elite (finishing time range: 02:17:26 to 03:11:30, average: 02:48:49 ± 00:18:40) and did not represent a predominantly Asian cohort (62% non-Asian runners). The study received approval from the Institutional Review Board of our institution (ISNRP: 26/2015).

2.2. Procedure {#sec2dot2-sports-07-00147}
--------------

Runners were filmed using a Sony Handycam (HDR-PJ660, Sony Thai Co., Ltd., Bangkok, Thailand) digital video camera (50 Hz) with an actual focal length of 2.9 to 34.8 mm (35-mm equivalent focal length of 26.8 to 321.6 mm). The camera was securely mounted atop a 40-cm high tripod, 50 cm from the side of the road, and oriented such that the passing runners were filmed in the sagittal plane. The filming location represented a straight and level portion of the race to limit the influence of change in elevation on running patterns. The race course was about the width of a two-lane road. Therefore, the distance between each runner and the camera varied, but was sufficient for foot strike classification. The sex of the 950 marathon runners was determined from the video recordings.

Three foot strike patterns were considered and defined according to Hasegawa et al. \[[@B1-sports-07-00147]\]. More explicitly, forefoot strike (FFS) was defined as a foot strike in which the initial contact of the foot with the ground was the forefoot or front half of the sole and with no heel contact at foot strike. A midfoot strike (MFS) was defined as a foot strike in which the heel and toes contacted the ground simultaneously. A rearfoot strike (RFS) was defined as a foot strike in which the first contact of the foot with the ground was made on the heel or rear third part of the sole and with no midfoot or forefoot contact at foot strike. For each runner, both right and left foot strikes were classified.

From the 950 runners, five right and five left foot strikes were missing because these foot strikes were obscured (e.g., behind another runner) or clipped off at the edge of the video frame. We removed the data from these 10 runners during our statistical analyses, leading to a final sample size of 940 runners. An additional classification of split strike (SS) was used to identify runners exhibiting an asymmetry between left and right foot strikes \[[@B19-sports-07-00147]\]. The foot strike pattern of each runner was determined using a frame-by-frame analysis performed in Apple QuickTime Player. A single researcher with more than five years of experience in foot strike classification completed the analysis. The reliability of foot strike classification has been shown to be almost perfect between different raters (agreement \> 99%) \[[@B18-sports-07-00147],[@B25-sports-07-00147]\], indicating that a single rater is sufficient for accurate and generalizable foot strike data.

2.3. Statistical Analysis {#sec2dot3-sports-07-00147}
-------------------------

The prevalence of each foot strike was calculated for our entire population (*n* = 940) and for each sex (*n* = 844 males, *n* = 96 females). We compared the foot strike distribution obtained for our sample to those reported by Kasmer et al. \[[@B18-sports-07-00147]\] and Larson et al. \[[@B19-sports-07-00147]\] using Chi-squared (χ^2^) tests without sex distinction because the information was not available in these two papers. The foot strike distribution obtained for our sample was compared to those reported by Hasegawa et al. \[[@B1-sports-07-00147]\] using Fisher exact tests given that some of the expected frequencies were less than five. As Hasegawa et al. \[[@B1-sports-07-00147]\] reported data from a mixture of left and right sides without addressing asymmetry, we included only symmetrical runners (*n* = 840) when contrasting our findings to those from Hasegawa et al. \[[@B1-sports-07-00147]\]. The expected frequencies used during Chi-squared and Fisher exact tests were based on those reported by Kasmer et al. \[[@B18-sports-07-00147]\], Larson et al. \[[@B19-sports-07-00147]\], and Hasegawa et al. \[[@B1-sports-07-00147]\].

The relationship between foot strike classification and sex for all runners was explored in our data set using Fisher exact tests given that one frequency was less than five. We also investigated differences in the position of individuals in the race between the four foot strike classifications (RFS, MFS, FFS, and SS) using a nonparametric Kruskal--Wallis test. Finally, we evaluated the prevalence of rearfoot, midfoot, and forefoot strikers as a function of the position of individuals in the race by grouping runners into groups of 100 consecutive participants and computing linear least square regressions together with their respective coefficient of determination (*R^2^*). Statistical analyses were done using customized scripts in R 3.5.0 (The R Foundation for Statistical Computing, Vienna, Austria) and Python 3.6.2 (Python Software Foundation, Beaverton, OR, USA). Level of significance was set at α ≤ 0.05.

3. Results {#sec3-sports-07-00147}
==========

The 940 runners that were classified according to their foot strike pattern at the 10 km mark of the Singapore marathon are shown in [Table 1](#sports-07-00147-t001){ref-type="table"}. Chi-squared tests indicated that our observed foot strike distribution differed significantly from those reported by Kasmer et al. \[[@B18-sports-07-00147]\] (χ^2^ = 305.7, degrees of freedom = 3, *P* \< 0.001) and Larson et al. \[[@B19-sports-07-00147]\] (χ^2^ = 112.8, degrees of freedom = 3, *P* \< 0.001).

Amongst our 100 runners demonstrating a SS pattern at the 10 km mark of the Singapore marathon, 65 were rearfoot-right and midfoot-left, 29 were rearfoot-left and midfoot-right, 2 were rearfoot-right and forefoot-left, 1 was rearfoot-left and forefoot-right, 1 was midfoot-right and forefoot-left, and 2 were midfoot-left and forefoot-right. Prevalence of rearfoot, midfoot, and forefoot strikers excluding SS runners (*n* = 840) at the 10 km mark of the marathon are shown in [Table 2](#sports-07-00147-t002){ref-type="table"}. Fisher exact tests indicated that our observed foot strike distributions did not significantly differ from those reported by Hasegawa et al. \[[@B1-sports-07-00147]\] (all: *P* = 0.168, males: *P* = 0.170, and females: *P* = 0.918).

Fisher exact test revealed no significant difference in our prevalence of RFS, MFS, FFS, and SS between males and females at the 10 km mark (*P* = 0.135). The Kruskal--Wallis test revealed a significant difference between position of individuals in race and foot strike classification (χ^2^ = 19.0, degrees of freedom = 4, *P* \< 0.001). Forefoot strikers tended to be faster, followed by midfoot, split, and rearfoot strikers. The prevalence of RFS, MFS, and FFS by position of individuals in the race (groups of 100 runners) is depicted in [Figure 1](#sports-07-00147-f001){ref-type="fig"}. Split strikers represented, on average, 10.6 ± 1.3% of the runners when participants were grouped by 100 according to their rank.

4. Discussion {#sec4-sports-07-00147}
=============

In accordance with our hypothesis, we obtained a lower prevalence of rearfoot strikers in an Asian population of recreational runners compared to the reported 90% in predominantly North American based cohorts. These findings indicate that ethnicity potentially explains biomechanical differences in running patterns between individuals, reinforcing the importance for researchers to report and consider ethnicity as a factor in running studies.

Available published data on foot strike patterns of North American recreational runners during long-distance road races (half-marathon and marathon) report that 90% of runners rearfoot strike \[[@B5-sports-07-00147],[@B6-sports-07-00147]\]. In our study, the prevalence of runners that were rearfoot striking at the 10-km mark of the Singapore marathon differed significantly from those reported in both previous studies (*P* \< 0.001). The average (04:12:00 ± 00:22:22) marathon finishing time of our 950 runners was greater than the average time reported by Larson et al. \[[@B19-sports-07-00147]\] (3:57:31 ± 00:34:17) likely due the hot and humid environmental conditions in Singapore. However, our study identified that rearfoot strikers (71.1% and 79.5% when excluding split strikers) were less common in our sample comprised of mostly Asian recreational runners (77% Asian field) than reported by Kasmer et al. \[[@B18-sports-07-00147]\] (Milwaukee Lakefront Marathon, Milwaukee, Wisconsin, USA) and Larson et al. \[[@B19-sports-07-00147]\] (Manchester City Marathon in Manchester, New Hampshire, USA). We propose that the ethnicity of our population of runners explains some of the discrepancy between the prevalence of rearfoot strikers we observed here and those reported by Kasmer et al. \[[@B18-sports-07-00147]\] and Larson et al. \[[@B19-sports-07-00147]\]. Nevertheless, rearfoot striking was still the most prevalent foot strike pattern in our population of predominantly Asian recreational runners.

The prevalence of rearfoot strikers reported in Hasegawa et al. \[[@B1-sports-07-00147]\] differed significantly from those reported in Larson et al. \[[@B19-sports-07-00147]\]. In addition, even though Hasegawa et al. \[[@B1-sports-07-00147]\] analyzed an elite population of runners, which was probably mostly comprised of Asian runners due to the location of the event (Japan), our prevalence of foot strike patterns (excluding SS runners, RFS = 79.5%, MFS = 18.6%, and FFS = 1.9%) did not differ significantly from those reported by Hasegawa et al. \[[@B1-sports-07-00147]\] (RFS = 74.9%, MFS = 23.7%, and FFS = 1.7%). Therefore, the elite character of the runners in the study of Hasegawa et al. \[[@B1-sports-07-00147]\] was probably not the only explanation behind the observed significant difference in foot strike pattern prevalence when compared to Larson et al. \[[@B19-sports-07-00147]\] (RFS = 94.4%, MFS = 3.6%, and FFS = 1.9%). Moreover, even though Lieberman et al. \[[@B26-sports-07-00147]\] observed that barefoot Kalenjin runners were forefoot strikers, Pontzer et al. \[[@B24-sports-07-00147]\] observed no forefoot, mostly midfoot, and several rearfoot strikers in barefoot Hadza runners. Furthermore, Hatala et al. \[[@B27-sports-07-00147]\] observed mostly rearfoot strikers in barefoot Daasanach runners. Altogether, these findings reinforce our current ones that ethnicity plays a role in the prevalence of rearfoot strikers in runners.

In agreement with previous studies \[[@B1-sports-07-00147],[@B18-sports-07-00147],[@B20-sports-07-00147]\], our study observed a significant difference between the position in race and foot strike pattern prevalence (*P* \< 0.001). More specifically, we observed an increase in the prevalence of rearfoot strikers (*R*^2^ = 0.74) together with a decrease in the prevalence of midfoot strikers (*R*^2^ = 0.74) as in-race position worsened (i.e., in the slower runners, [Figure 1](#sports-07-00147-f001){ref-type="fig"}). The faster runners in our study were more likely to be midfoot strikers, as observed by Hasegawa et al. \[[@B1-sports-07-00147]\], Kasmer et al. \[[@B18-sports-07-00147]\], and Kerr et al. \[[@B20-sports-07-00147]\], but not by Larson et al. \[[@B19-sports-07-00147]\], which may be due to their relatively smaller sample size (*n* = 286). On the other hand, we observed that the prevalence of forefoot strikers did not seem to be related to the position in race (*R*^2^ = 0.18), which can be explained by the small percentage of runners (1.8 ± 1.7% when grouped by 100 according to rank) that adopted a FFS pattern across performance levels. Moreover, we observed that the number of split strikers was constant across the examined in-race position bands (10.6 ± 1.3%).

Nevertheless, it is important to mention that although we classified runners in three different categories, foot strike pattern is actually a continuum \[[@B28-sports-07-00147],[@B29-sports-07-00147]\]. Therefore, each discrete category encompasses a wide variation of running patterns, not only in terms of which part of the foot first contacts the ground, but also in terms of several other biomechanical parameters such as the leg flexion or ankle angle at contact. Different foot strike patterns involve different neuromuscular activation patterns \[[@B2-sports-07-00147]\], biomechanical strategies \[[@B3-sports-07-00147],[@B4-sports-07-00147]\], and running-related injury patterns \[[@B5-sports-07-00147],[@B6-sports-07-00147],[@B7-sports-07-00147]\]. During a marathon, rearfoot and midfoot strikers have been shown to exhibit higher tibial shocks at foot strike compared to forefoot strikers, suggesting a higher loading impact in RFS and MFS than FFS \[[@B3-sports-07-00147]\]. Plantar loads are relatively greater in the rearfoot and midfoot regions in RFS, and in the forefoot region in MFS and FFS \[[@B4-sports-07-00147]\]. Changes in the magnitude and location of loads according to foot strike pattern are important to consider in the management of runners.

A few limitations to the present study exist. The frame rate was set to 50 Hz, a value which is smaller than the ones used in previous studies \[[@B1-sports-07-00147],[@B18-sports-07-00147],[@B19-sports-07-00147]\]. As the duration of the ground contact phase is reported to vary between 0.29 and 0.21 s for running speeds ranging from 10 to 14 km/h \[[@B30-sports-07-00147]\], we believe that a 50 Hz frame rate (0.02 s per frame) is sufficient to detect the part of the foot that first makes contact with the ground at marathon running speeds. Furthermore, another factor that was not considered in this study is footwear. Variance in the prevalence of runners presenting with a rearfoot strike might result from running shoe characteristics, where more minimal shoes (i.e., lower mass, heel height, and heel-to-toe drop) are typically associated with fewer rearfoot strikers compared to more cushioned shoes \[[@B31-sports-07-00147]\]. Indeed, Larson \[[@B32-sports-07-00147]\] observed a relatively low prevalence of rearfoot strikers in barefoot (20.7%) and minimally shod (47.6%) runners 350 m into the New York City Barefoot Run. It could be that footwear market and shoe preference of Asian runners are biased towards more minimal shoes. Shoe characteristics could not be accurately defined from our video footage, so no classification of footwear was attempted.

5. Conclusions {#sec5-sports-07-00147}
==============

We conclude that the prevalence of rearfoot strikers in long-distance races is lower in Asian than North American recreational runners. These findings indicate that ethnicity should be considered and reported as a factor in running research given that it can potentially explain biomechanical differences in running patterns.
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![Prevalence of rearfoot strike (RFS), midfoot strike (MFS), and forefoot strike (FFS) patterns by position of individuals in race (groups of 100 runners) at the 10 km mark of the Singapore marathon. Dashed lines depict linear least square regressions together with the respective coefficient of determination (*R*^2^).](sports-07-00147-g001){#sports-07-00147-f001}

sports-07-00147-t001_Table 1

###### 

Number of foot strike patterns (count and %) observed in recreational runners at the 10 km mark of a marathon.

  FSP      All      Males    Females                                                
  -------- -------- -------- --------- -------- -------- -------- -------- -------- ----
  RFS      668      1867     832       596      1073     176      72       792      75
  (71.1)   (93.7)   (88.9)   (70.6)    (92.5)   (85.9)   (75.0)   (95.3)   (92.5)   
  MFS      156      101      31        143      71       8        13       30       1
  (16.6)   (5.1)    (3.4)    (16.9)    (6.1)    (3.9)    (13.5)   (3.6)    (1.3)    
  FFS      16       11       17        12       7        3        4        4        1
  (1.7)    (0.55)   (1.8)    (1.4)     (0.60)   (1.5)    (4.2)    (0.48)   (1.3)    
  SS       100      14       55        93       9        18       7        5        4
  (10.6)   (0.70)   (5.9)    (11.0)    (0.78)   (8.7)    (7.3)    (0.60)   (5.0)    

Note. FSP: foot strike pattern, RFS: rearfoot strike, MFS: midfoot strike, FFS: forefoot strike, SS: split strike. References: Kasmer et al. \[[@B18-sports-07-00147]\], Larson et al. \[[@B19-sports-07-00147]\].

sports-07-00147-t002_Table 2

###### 

Number of foot strike patterns (count and %) observed in recreational runners at the 10 km mark of a marathon.

  FSP      All      Males    Females                     
  -------- -------- -------- --------- -------- -------- ----
  RFS      668      212      596       184      72       28
  (79.5)   (74.9)   (79.4)   (74.2)    (80.9)   (80.0)   
  MFS      156      67       143       61       13       6
  (18.6)   (23.7)   (19.0)   (25.6)    (14.6)   (17.1)   
  FFS      16       4        12        3        4        1
  (1.9)    (1.4)    (1.6)    (0.2)     (4.5)    (2.9)    

Note. FSP: foot strike pattern, RFS: rearfoot strike, MFS: midfoot strike, FFS: forefoot strike, SS: split strike. Reference: Hasegawa et al. \[[@B1-sports-07-00147]\].
